Background: The early evolution of living marsupials is poorly understood in part because the early offshoots of this group are known almost exclusively from jaws and teeth. Filling this gap is essential for a better understanding of the phylogenetic relationships among living marsupials, the biogeographic pathways that led to their current distribution as well as the successive evolutionary steps that led to their current diversity, habits and various specializations that distinguish them from placental mammals.
Introduction
Extant marsupials are limited mostly to Australia and South America whereas the few Central and North American representatives are relatively recent immigrants from South America through the Panamanian Isthmus circa 3 million years ago. Fossil relatives of marsupials are common in Cretaceous through Miocene localities in both North America and Eurasia [1, 2] . Metatheria includes the common ancestor of all extant marsupials plus all extinct mammals that are more closely related to living marsupials than to extant placentals [3] . Recent discoveries [3, 4] have enhanced our understanding of the origin and early evolution of Metatheria. In contrast, the early evolution of living marsupials and their closest relatives remains poorly known. The origin of opossums, the Didelphidae, is of particular significance because this group resulted from the first cladogenetic event of Marsupialia [5] [6] [7] . Herpetotheriidae were believed to be close relatives of didelphid opossums until recently when this group was shown to be a close relative of Marsupialia instead [8, 9] .
Peradectidae is another key fossil metatherian group for the question of marsupial origins. It has been alternatively considered to be a member of Didelphidae or of a paraphyletic 'Didelphimorphia' [10] or their close relative [11] [12] [13] , an unresolved basal branch of Marsupialia [14] , a close relative of Microbiotheria [15] , or a stem metatherian offshoot [16] . Peradectidae are predominantly from the Northern Hemisphere, with a fossil record starting at least in the early Paleocene with Peradectes. This genus continues into the Eocene of North America [12] and it also has Paleocene South American [1, 17] and Eocene European representatives [18] [19] [20] . The fossil record of peradectids extends until the early Miocene of North America with Nanodelphis [21] . In the past some Cretaceous forms were included in the Peradectidae, such as the important stem marsupial Alphadon [22] . However, this and other dentally superficially similar Mesozoic taxa are excluded from Peradectidae following current hypotheses based on dental features [12, 13, 21] . For example, Johanson [13] had hypothesized shared-derived dental features of peradectids (as treated here) and living opossums (Didelphidae) to the exclusion of Cretaceous forms. Ideas involving the timing of early marsupial evolution and the relationships of basal groups of cosmopolitan distribution need testing with comprehensive analyses of better fossils. This is now possible based on new fossils of this group, such as Mimoperadectes labrus, from the earliest Eocene of the Clark Fork Basin, Wyoming [11] . Here we describe a fairly complete skull of a new species of Mimoperadectes and provide new information on herpetotheriids based on exceptional skeletons. All this leads to the first scientific restorations of these animals and an informed consideration of their paleobiology in a tested phylogenetic framework. 
Results and Discussion

Holotype
United States National Museum of Natural History (USNM) 482355, a broken cranium separated into one anterior and one posterior piece (Figure 1, 2 , S1, S2, S3, S4). The anterior portion is a partial rostrum that preserves left C, P1-2, M1-3 and right M1-4. The posterior portion consists of the braincase and parts of the basicranium with a complete middle and inner ear (Figure 2, 3,  S5 ). Type Locality UM locality SC-133 is located in the northern half of the NE1/4, Section 1, T55N, R102W, Park County, Clark Fork Basin, Wyoming [23] .
Horizon and Age
Type and only known specimen prepared from a freshwater limestone nodule [24] from the lower part of the Willwood Formation; Early Wasatchian (uppermost Arfia shoshoniensis interval zone, early Eocene, between 54.7-54.4 Mya [25] ).
Diagnosis
Differs from the type and only other species of Mimoperadectes, M. labrus, in having: (1) M1 longer than M2, with a larger surface area than the M2 whereas the reverse is true in M. labrus; the surface ratio between M1 and M2 is about 20% larger in M. houdei than in M. labrus; (2) M1-3 midline anteroposterior constriction, with the lingual half of the crown relatively narrower, especially noticeable on M3; (3) protocone lobe lingually expanded in M1-3; (4) metacone reduced in M4.
Description
Mimoperadectes has prominent supraorbital processes, substantially more developed than in Didelphis but similar to Caluromys. The postorbital constriction is relatively wider in Mimoperadectes than in Didelphis although probably not as wide as in Mayulestes. A sagittal crest starts slightly posterior to the postorbital constriction at the junction of well-defined temporal crests. Sutures of the braincase are obliterated in the holotype. The anterior root of the zygomatic process extends from the middle of M1 to the posterior end of M4. (Figure 1A ). Despite some damage, two lacrimal foramina can be detected. The infraorbital foramen is located above the posterior end of P2 and anterior border of the alveolus for P3. A poorly-developed tympanic wing of the alisphenoid is present as in Didelphis and Monodelphis. The foramen ovale is surrounded by the alisphenoid and the petrosal. The foramen for the transverse canal is in a position anterior to the carotid foramen. The petrosal of Mimoperadectes displays the following characteritics: the mastoid process is small and slanted; the mastoid exposure on the occiput is narrow; the rostral tympanic process forms a distinct crest; the prootic canal is retained, as well as the posttemporal sulcus (for the diploetic vessels) on the squamosal surface of the petrosal (see Text S1, S2 for more information). The number of cochlear turns is close to that of didelphids (2.1 in Mimoperadectes and 2.4-2.5 didelphids). Mimoperadectes exhibits a ventral hiatus Fallopii, similar to that of certain australidelphians (e.g. peramelians, phalangerids, macropodids).
The dentition is only slightly worn. Although M1-3 are preserved on both sides, the right series is displaced and the occlusal surfaces are not visible. M4 is only preserved on the right side and its occlusal surface is only visible at a tight angle ( Figure  S5 ). All four molars are wider than longer, and although M4 is the shortest and narrowest of them all, proportions among the other three vary greatly (Table S1 , Text S3). The order of size for M1-3 from shortest to longest is M2,M3,M1, whereas the order from narrowest to widest is M1,M2,M3. In contrast, the widths of M1-3 are almost even in Mimoperadectes labrus, whereas the length of the molars increases sequentially from M1 to M3.
The M1 paracone is slightly smaller than the metacone on M2-3 and the stylar cusp B is the largest stylar cusp in both M. houdei and M. labrus. The presence of a paraconule and metaconule cannot be verified in USNM 482355 because of wear but if present, they were most likely small, as in M. labrus. The metastylar area of M4 in M. houdei is narrow whereas it is practically absent in M. labrus. The two species are much larger in overall size than Peradectes.
Phylogenetic Analysis and Implications of Results
We conducted a phylogenetic analysis incorporating morphological data from Mimoperadectes and Peradectes (Text S2, Table S2 ). We also included two new specimens of Herpetotherium with almost complete forelimbs and several posterior vertebrae, the anatomy of which was barely known before for the clade (Figure 4 ). The allocation of these specimens to Herpetotherium is based on dental features such as presence of procumbent lower incisors and the large size of the stylar cusp C in M3 [26] . Furthermore, the postcranial elements of these specimens are similar in size and morphology with those already described for Herpetotherium cf. fugax [9] . The analysis yielded a single most-parsimonious cladogram ( Figure 5 , S6, Table S3 ). The peradectids are the sister group of didelphids. Herpetotherium is the sister group of crown Marsupialia, confirming earlier results [8, 9] .
Some classic characters used in therian systematics relate to the bony composition of a tympanic bulla (or floor for the middle ear). Among metatherians, the presence of an alisphenoid wing in the tympanic bulla is the typical condition for Marsupialia and is absent from Mayulestes, Andinodelphys, and Pucadelphys and outgroups used in this analysis (as well as from most eutherians). New data from the skulls of both Mimoperadectes and Herpetotherium included in our phylogenetic analysis indicate the appearance of this structure in the common ancestor of Herpetotherium and Marsupialia, where it was probably poorly or moderately developed.
Other derived characters supporting a clade composed of Herpetotherium, peradectids and other marsupials include: (1) a reduced to absent metaconule on the upper molars, (2) a cavum epiptericum that is primarily or exclusively floored by the alisphenoid, (3) a rostral tympanic process of the petrosal forming a distinct crest, and (4) a tympanic sinus that is almost entirely formed by the alisphenoid.
The close relationship of peradectids and Didelphidae, a clade we will call Didelphimorphia, is supported by the shifting of the tympanic aperture of the hiatus Fallopii from a dorsal position to an intermediate, more ventral position in the ancestral didelphimorph (and further shifted ventrally in peradectids). In addition, the diploetic vessels are present as a posttemporal sulcus and a notch, derived from being absent. Peradectids and didelphids are primitive in retaining a small and slanted mastoid process that practically disappears in other marsupials.
A reconstruction of the osseous inner ear shows that Mimoperadectes has fewer cochlear turns (2.1) than the two didelphids with osseus inner ear known to date (2.4-2.5) [27, 28] , but more than Herpetotherium (1.6) [8, 9] .The bony labyrinth exhibits a peculiar feature (also found in some other metatherians [8, 9, 28] ) which is the presence of a second crus commune, formed by the the posterior arm of the lateral semicircular canal and the inferior arm of the posterior semicircular canal.
In light of our results, the fossil record of living marsupials starts with Puercan Peradectes (at least about 65.18 million years old, Early Paleocene of North America) [12, 29, 30] , which implies that the basal splitting of Marsupialia into Didelphimorphia and all other marsupials had already happened by that time ( Figure 5 ). Evolutionary splitting events within Marsupialia have been estimated using hypothetical models of DNA evolution calibrated with various fossils, all of which are younger than Peradectes [6, 7, 31] . The Puercan Peradectes offers a new factual reference point for the timescale of marsupial and therian evolution.
The minimum age for the splitting event that gave rise to crown group Marsupialia and its sister group Herpetotheriidae would be equal to the age of the oldest member of either group, namely the herpetotheriid Nortedelphys magnus from the late Campanian (Late Cretaceous) of North America, roughly 75 million years old [16] .
Relationships among marsupial orders resulting from our analysis show remarkable congruence with recent results based on nuclear DNA sequences except for the branching order between Dromiciops and clade 'A' (Notoryctes+Dasyuromorphia + Peramelia) and for the position of Peramelia which is variable within clade 'A' [7, 32, 33] . The position of Dromiciops nested within the Australasian radiation in our results is in agreement with recent analyses incorporating critical early australidelphians [34] and with a simultaneous analysis of DNA sequences and morphological data [5] .
There is strong evidence that metatherians originated in either Asia or North America [4, 35] and that some basal metatherians closely related to crown marsupials inhabited South America [36] . Several biogeographic scenarios are compatible with our phylogenetic results and it is clear that North America was a place of diversification and possibly even origin of marsupials and didelphimorphians. The new specimens of Herpetotherium shed light into the early evolutionary steps in the postcranium of marsupials. The forelimbs are remarkably gracile in Herpetotherium and indicate stronger terrestrial habits than those in didelphids, European peradectids, and the Paleocene stem metatherians Mayulestes, Pucadelphys and Andinodelphys, which themselves have been inferred to have been more terrestrial and displayed greater agility than didelphids [37] [38] [39] [40] . The processes of the lumbar vertebrae of Herpetotherium are long, anteroposteriorly slender and with an anterior inclination, similar to those in Mayulestes and Pucadelphys and in contrast with those of many didelphids where the spinous processes are low and anteroposteriorly wide. This morphology suggests that Herpetotherium had a lower back that allowed more flexion and extension also typical of terrestrial habits, which is consistent with previous findings based on the hindlimb of Herpetotherium [8, 9] and with locomotory inferences concerning another herpetotheriid, Amphiperatherium from theMiddle Eocene of Messel, Germany [18] [19] [20] . On the other hand, the postcranium of peradectids from the same European locality represents a scansorial/arboreal ecotype [18] [19] [20] , closer in functionality to living didelphids. Our results, coupled with the fact that caenolestids are mostly terrestrial animals [41] suggest that the ancestral morphotype of Marsupialia, as well as that of the Herpetotherium+Marsupialia clade, were more terrestrial than didelphids and than the ancestor of didelphimorphia. However if we consider the contrary hypothesis where Dromiciops can be the sister group of Australidelphia [7] , the condition for the ancestral marsupial would be ambiguous and a tendency for arboreality would be as parsimonious as a more terrestrial lifestyle. Dromiciops is arboreal and although it has different pedal specializations from didelphids [41] , both clades may have inherited arboreal habits from a common ancestor and subsequently each acquired its own arboreal specializations. The only available comprehensive cladistic treatments of marsupials and other metatherians that incorporate any herpetotheriids including this one, suggest that among metatherians with preserved postcranial skeletons, herpetotheriids are the closest relatives of crown Marsupialia [8, 9] . Previous studies of postcranial adaptations in basal stem-metatherians suggested aboreal habits for at least some species [4] and developement of terrestrial habits in other later stem metatherians [37] [38] [39] [40] . All this information means undoubtly that in the long history of metatherian evolution from the ca. 125 Ma Sinodelphys to the origin of the crown group around 65 Ma [6] , different kinds of locomotory habits evolved, indicating that those habits observed in basal living didelphids may not have been a direct inheritance from the ancestral marsupials. Restorations of Herpetotherium and Mimoperadectes ( Figure 6 ) serve to graphically summarize the functional implications of our work and with that emphasize some of the diversity that existed in the dawn of marsupial and opossum evolution in North America.
Materials and Methods
The phylogenetic analysis included 28 Mesozoic, Tertiary and Recent metatherians and five outgroups scored for 260 characters of the skull, dentition, postcranium and soft-tissues wherever possible. Mimoperadectes houdei is by far the bestknown peradectid in terms of anatomy, therefore it was chosen as the main representative for Peradectidae in the phylogenetic analysis. Some elements of its dentition are unknown, however, so codings for this species were complemented with codings from the dentition of Mimoperadectes labrus and Peradectes (see SI for more details). We were also able to include three postcranial characters from cf. Peradectes from the Middle Eocene of Messel, Germany.
The data matrix was submitted to a heuristic search using maximum parsimony with PAUP* 4.0b10 for Unix [42] . We conducted 1,000 replicates of a heuristic search with stepwise random addition sequence of taxa and tree bisection-reconnection. See Figure S6 and explanation in Text S2 for support measures.
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